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We present the systematic de Haas–van Alphen (dHvA) quantum oscillations studies on the recently 
discovered topological Dirac semimetal pyrite PtBi2 single crystals. Remarkable dHvA oscillations were 
observed at field as low as 1.5 T. From the analyses of dHvA oscillations, we have extracted high quantum 
mobility, light effective mass and phase shift factor for Dirac fermions in pyrite PtBi2. From the angular 
dependence of dHvA oscillations, we have mapped out the topology of the Fermi surface and identified 
additional oscillation frequencies which were not probed by SdH oscillations. 
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Three-dimensional (3D) topological semimetals, including Dirac and Weyl semimetals, have recently 
attracted intense attention in the condensed matter community
1-4
. These materials exhibit linearly dispersed 
energy bands near the band touching points, forming bulk Dirac or Weyl cones and leading to exotic 
surface states
5-7
. In Dirac semimetals such as Cd3As2
8,9 
and Na3Bi
10,11
, the band crossings at the Dirac 
points protected by the crystal symmetry are four-fold degenerate. When spin degeneracy is lifted through 
breaking time-reversal or inversion symmetry, the Dirac semimetal state evolves to a Weyl semimetal state 
and each Dirac cone splits to a pair of Weyl cones with opposite chirality
12
. The relativistic fermions hosted 
by Dirac and Weyl cones usually exhibit non-trivial Berry’s phase13,14, light effective electron mass13 and 
ultrahigh mobility
15
, which has been demonstrated by quantum oscillation studies. Furthermore, the exotic 
transport phenomena such as negative magnetoresistance (MR) induced by chiral anomaly, extremely large 
and linear MR have also been discovered in these materials.  
The recently discovered pyrite PtBi2 has been proposed to be 3D topological semimetal with unique 
electronic structure and extreme large, unsaturated MR
16
. In this work, we report the de Haas–van Alphen 
(dHvA) oscillations on pyrite PtBi2 single crystals. The dHvA effect provides a powerful tool for probing 
the Fermi surface topology and has been widely applied to many topological semimetals, such as Cd3As2
17
, 
TaIrTe4
18
, ZrHM (H = Si, Ge; M=S, Se, Te)
19-21
 and TaP
22
. In PtBi2, we observed prominent dHvA 
oscillations at field as low as 1.5 T. Signatures of relativistic fermions in pyrite PtBi2 has been observed, 
including light effective mass and high quantum mobility. From the angular-dependent dHvA oscillations, 
we have also revealed 3D Fermi surface of pyrite PtBi2 and identified additional oscillation frequencies 
which were not probed by previous SdH oscillations. 
High-quality pyrite PtBi2 single crystals [top left corner of Fig. 1(a), inset] were prepared by flux method. 
The excellent crystallinity has been demonstrated by the sharp single crystal X-ray diffraction (XRD) peaks 
as shown in the Fig. 1(b), with the full width at half maximum of the rocking curve reaching as low as 0.05° 
[Fig. 1(b), inset]. The composition and structure of the pyrite PtBi2 have been examined by the Rietveld 
refinement of the power XRD spectrum, from which we have obtained the lattice parameter a = b = c = 
3 
6.704(5) Å and  =  =  = 90° [top right corner of Fig. 1(a), inset] for our pyrite PtBi2 samples, which is 
consistent with previous reported results
23
.  
 
FIG. 1. (a) X-ray diffraction (XRD) pattern of powdered pyrite PtBi2 at room temperature. Inset: image of a 
single crystal (left) and crystal structure (right). (b) XRD pattern of (111) plane of single crystal sample. 
Inset: The rocking curve of the (111) diffraction peak, showing the full width at half maximum of 0.05°.  
 
The dHvA oscillations in pyrite PtBi2 were probed through magnetization measurements by a 
superconducting quantum interference device (SQUID) magnetometer (Quantum Design). Figure 2(a) 
shows the magnetization M as a function of magnetic field B when the field is applied perpendicular to (111) 
plane and T = 2 K. Strong magnetization oscillations arise at field as low as 1.5 T [Fig. 2(a)]. The 
oscillatory component M is striking after removing the smooth magnetization background, as shown in the 
inset of Fig. 2(b). The fast Fourier transform (FFT) spectrum of M reveals two major frequencies, 
        and        . According to the Onsager relation            , the extreme cross section 
of Fermi surface can be determined to be 0.019(4)Å
-2
 and 0.069(5)Å
-2
 for the  and  bands, respectively. 
In addition to these two major frequencies, we also noticed two additional frequencies near the 2
nd
 
harmonic frequency of   , marked as     and      in Fig. 2(b), which has not been observed in the 
previous SdH oscillation studies
22
. As will be discussed latter, these additional frequencies are result from 
4 
the hole Fermi pockets in the first Brillouin zone, which enables us to further investigate the electronic 
properties of pyrite PtBi2.  
 
FIG. 2. (a) Magnetic field dependence of the magnetization at T= 2 K with a magnetic field aligned 
perpendicular to (111) plane. (b) The corresponding FFT spectrum of the dHvA oscillation. Inset: the 
oscillatory component of the dHvA effect as a function of B. 
We have also performed magnetization measurements at various temperatures to obtain the effective 
mass of the  and  bands. Given the weak F oscillation component damps quickly with rising temperature, 
our measurements are focused on the relative lower temperature range from 1.8 K to 4 K, as shown in Fig. 
3(a). The dHvA oscillation that contains phase factor can be described by the Lifshitz-Kosevich (LK) 
formula
24,25
: 
                                    
 
 
                           (1) 
where             ,              
    ,    is the Dingle temperature and 
        
     .    is the Boltzmann constant,   is the Planck’s constant,  
  is the effective 
cyclotron mass at the Fermi energy, which can be obtained from the fitting of temperature dependence of 
5 
FFT amplitudes to the thermal damping term of the LK formula, 
       
     
                  
. As shown in Fig. 3(b), 
our fittings yield the effective masses of   
            and   
            (   is the free 
electron mass) for the  and  bands, respectively. Both the effective masses are lighter than previous 
results obtained from the SdH oscillations
 22
, especially for the  band, whose effective mass is about four 
times smaller than the transport result.  
Besides, by fitting the dHvA oscillation amplitudes with inverse magnetic field to the Dingle damping 
terms                  , we can obtain the Dingle temperature of both frequencies. To achieve more 
accurate fits, we separated the oscillation components of  and  band through filtering out irrelevant 
oscillations, then we extracted the oscillation amplitude of 2K as a function of 1/B, the best linear fittings 
based on the transformational LK equation yield the Dingle temperatures    
             and 
  
 
           , respectively. The quantum scattering lifetime   , which is related to the Dingle 
temperature by            , are   
                and   
 
              , the quantum 
mobilities estimated by      
   
  
, are   
                  and    
 
                 , 
respectively. Such high quantum mobilities are higher than the ones obtained from the SdH oscillations. 
 In addition to the light effective mass and high mobility, Berry phase close to π is another important 
characteristic for topological non-trivial bands. The Landau level (LL) index fan diagram has been widely 
used to extract Berry phase for topological materials. However, for oscillations containing multiple 
frequencies, phase factor for each frequency component is better to be extracted by fitting the oscillation 
pattern to the LK formula
26
. As shown in the Fig. 3(d) and (e), we have separated the oscillation 
components of  and  band through filtrating frequencies. With the effective mass, frequency and Dingle 
temperature of each band extracted from the dHvA oscillations as the fixed parameters, we expected to 
duplicate the oscillation pattern through adjusting the phase factor. The LK model reproduces each 
oscillation pattern very well and yields a phase factor      of 0.038 and -0.61 for  and  band, 
respectively. Such results are coincident with the transport results that from the SdH oscillations.  
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FIG. 3. (a) Magnetic field dependence of magnetization at different temperatures when the magnetic field is 
aligned perpendicular to (111) plane. (b) Temperature dependence of the corresponding FFT amplitudes, 
the solid lines represent the fit for effective mass. (c) The Dingle plot of the  and  pockets, the red lines 
are the fitting result. (d) and (e) The Lifshitz-Kosevich (LK) fit (red line) of the dHvA oscillation pattern of 
 pocket (yellow circles) and  pocket (blue circles). 
To investigate the Fermi surfaces topology of pyrite PtBi2, we performed angular-dependence of dHvA 
effect measurements with magnetic field rotated from the out of plane to the in-plane direction, as shown in 
Fig. 4(a). In Fig. 4(b) we depict the oscillation components with the magnetization background are removed. 
Although the dHvA oscillation patterns vary with field orientations, the oscillations remain to be strong 
when rotating the field direction, indicating 3D Fermi surface for pyrite PtBi2. From the FFT spectra of the 
oscillation patterns [Fig. 4(c)], we extracted the angular-dependences of all oscillation frequencies   ,    , 
7 
    , and   , as shown in Fig. 4(d). As shown below, these angular-dependences frequencies agree well 
with the Fermi surface morphology of pyrite PtBi2.  
The electronic structure of pyrite PtBi2 was obtained by performing an ab initio calculation. The band 
structure was calculated by density functional theory and fully relaxed atomic coordinates. As shown in the 
inset of Fig. 4(d), the electronic structure consists of electron (pink) and hole (yellow) Fermi surface in the 
first Brillouin zone. The twelve ellipsoid-like hole Fermi surface pockets (labeled by 1-12) are 
unequivalent with the principal axes pointing different directions. From our experimental setup [Fig. 4(b), 
inset] and angular dependences of frequencies, these hole pockets give rise to the observed oscillation 
frequencies   ,     and     . More specifically, for the strong anisotropy of  pockets in pyrite PtBi2, 
when magnetic field is parallel to [110] direction (=90), the inequivalence twelve  pockets can be 
divided into three groups in the first Brillouin zone, i.e., group 1 involving Nos. 1 and 3, group 2 involving 
Nos. 2 and 4, and group 3 involving Nos. 5-12. Each group contributes a different extremal cross section 
when magnetic fixed specific direction, resulting in three different oscillation frequencies. The    and      
are result from the oscillations of Fermi pockets in group 1 and group 2 while the main frequency    is 
from the oscillation of Fermi pockets in group 3. Therefore, compared with the SdH oscillations that only 
probed the    frequency
22
, dHvA effect provides opportunities to investigate the complete hole Fermi 
surface pockets that were not accessible in SdH oscillations. We note that there should be only two 
frequencies with B//[111] (=0), the observation of three frequencies might be due to the uncertainty 
about  5 of the magnetic field orientation in the magnetization measurement. As for   , i.e. the light 
electron (pink) Fermi surface located around the R point of the first Brillouin zone are equivalent, so we 
detected only one oscillation frequency, which is in accord with the transport results.  
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FIG. 4. (a) Magnetic field dependence of magnetization at different angles,, at 2K. (b) The dHvA 
oscillations as a function of 1/B at different angles. (c) The shifted FFT spectra for different angles. Inset: 
The schematic configuration for angular dependent measurement of magnetization. (d) The angular 
dependences of the oscillation frequencies of both  and  bands. Inset: The calculated electron (pink) and 
hole (yellow) Fermi surface of pyrite PtBi2 in the first Brillouin zone. 
 
To make a comparison of the results between the SdH oscillations and dHvA effect, we summarized the 
major characteristic parameters in TableⅠ. We found that both the main dHvA oscillation frequencies are 
slight lower than those of the SdH results. The magnetization results also reveal a lighter effective carrier 
mass and higher quantum mobility than those from the transport results. As we know, the dHvA effect can 
be well interpreted by LK theory
30
, the SdH effect is an analogous effect on the electrical resistance and 
shares the same physics of the quantized landau level picture with former, but there is delicate difference 
between them. The dHvA effect is an equilibrium state behavior, the oscillatory magnetization is related to 
9 
the oscillations of the density of states. The SdH effect is a nonequilibrium dynamics effect, except for the 
state density, it is also closely related to the electron scattering rate, which has the same oscillation period 
with state density. However, the electron scattering can be complicated by some mechanisms, such as 
lattice scattering, impurity scattering and inter/inner-Landau level scattering et al 
27
. When take them into 
account, the amplitude of SdH oscillation is only an approximate expression, which will further affect the 
detection of effective mass. Similar behaviors have been observed in other reported topological semimetals, 
for examples, in the nodal-line semimetal ZrSiS, different groups obtained different effective masses, and 
the smallest effective mass from dHvA oscillations is 3 times smaller than the biggest effective mass from 
SdH oscillations
28
. Besides, in Dirac semimetal LaBi, the effective mass of  band (~600T) obtained from 
dHvA oscillations
29
 is about 2 times smaller than that from SdH oscillations
30
. From this perspective, the 
original LK theory is more precise to describe the dHvA effect originating from the oscillations of free 
energy. As a result, the dHvA oscillations will give a lighter effective mass and a smaller dingle 
temperature of both pockets, resulting in the high quantum mobilities in pyrite PtBi2. The dHvA oscillation 
also detected additional frequencies compared with the SdH oscillations, which provides a more accurate 
information of the Fermi surface. Additonally, we note that the effective mass was obtained in the field 
range of 1.5~7T for dHvA oscillations while 18~33T for the SdH oscillations. The selected different field 
range between dHvA and SdH oscillations may also affect the effective mass values. 
TABLE Ⅰ. Several characteristic parameters derived from the dHvA and SdH oscillations of  and  pockets. F, the 
oscillation frequency; meff, the effective mass; vF, the Fermi vector; TD, the dingle temperature; q, the quantum 
mobility. 
 
Bands            
Quantities F 
(T) 
meff  
(m0) 
vF   
(10
5
m/s) 
TD 
 (K) 
q  
(cm2V-1s-1) 
 F 
 (T) 
meff  
(m0) 
vF 
  (10
5
m/s) 
TD 
 (K) 
q   
(cm2V-1s-1) 
dHvA 204 0.17(8) 5.3(5) 3.26 3940.4  730 0.43(5) 4.0(1) 3.87 1299.6 
SdH
22 250 0.64(1) 1.58 7.4 453.4  850 0.68(1) 2.76 10.6 298.7 
10 
In conclusion, we have performed dHvA oscillation studies on Dirac semimetal pyrite PtBi2 using 
magnetization measurements. Strong dHvA quantum oscillations can be observed at a field as low as 1.5 T. 
The analyses of the oscillation patterns reveal high quantum mobilities and light effective masses for Dirac 
fermions in pyrite PtBi2. The angular dependences of the oscillation frequencies agree well with its 
electronic structure. Furthermore, the observation of additional low frequencies provides us with 
opportunities to investigate the Fermi surface pockets that were not accessible in SdH oscillations. 
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